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Control of Fault Lay-out on Seismic Design of Large Underground Caverns 
 
ABSTRACT: Although buried structures are generally believed to suffer a lesser degree of damage in the 
event of earthquake - than that of over-ground structures - significant damage has been widely reported to 
buried assets after major earthquakes, including the 1995 Kobe and the 2008 Wen-Chuan. Discontinuity 
is one key feature of rock as the supporting medium around subsurface excavated spaces. Joints, faults 
and bedding planes influence, by-and-large, the stability of structures made from/into rock. In particular, 
fault system around underground caverns such as hydropower house has a marked control on assets’ 
seismic stability. This study builds on the current understanding through vigorous numerical modelling of 
fault-structure system under seismic excitation. A parametric approach is followed to determine the most 
critical layout of a single fault crossing a benchmark cavern. Fault system is systematically broken down 
into several combinations of dips and intersection points with cavern wall. For each case, a nonlinear 
dynamic analysis is conducted. To simulate the discontinuous medium, the hybrid finite difference – 
discrete element code CA2 (Continuum Analysis 2 dimensional) is implemented. The work showed that, 
similar to static conditions, fault influences the seismic stability of underground caverns through a 
tendency in extending the plastic zones and increasing displacements as well as asymmetric distribution 
of the latter and the former in rock medium. A 40° to 50° dip, single-point-intersection-on-crown k0=1 
fault layout renders the most critical combination from both ultimate and serviceability limit states 
perspective. Under earthquake loading conditions however, the critical limit states condition took place 
for single fault intersected the cavern at heel and sidewall. The latter critical condition led to the tensile 
failure of cavern right sidewall. For faults intersecting the carven crown and having a k0=0.5, collapse 
would be more likely as fault dip increases. Collapse would be less likely with increasing dip for k0=0.5 
fault crossing the bed and sidewall of caverns. 
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1. INTRODUCTION 
Common to nearly all reported damages to underground structures in the event of earthquake is the 
pronounced contribution of nearby faults to structural failure, highlighting the need for a better 
understanding of the interaction between rock discontinuities and structures they accommodate within 
(Zhang et al., 2013, Yashiro et al., 2007, Wang et al., 2001). Li (2012) emphasized on the significance of 
secondary fractures of seismogenic faults in proposing installation of reinforced concrete as secondary 
lining should tunnel alignment intersect such features. He recommended the lining to mantle the active 
fault zone and extend beyond, up to a minimum distance of 5 metres. The micromechanics of fracture 
growth under high geo-energies and implications were addressed within a fractal context in a more recent 
work of Assadi et al. (2014). Ichimura et al. (2012) contributed to the understanding of explicit links 
between buried structures and faults through developing a finite element tool, which allows the 
measurement of seismic response of underground structures. Building on the latter platform, they 
demonstrated the reliability of fault-structure system analysis as a function of discontinuity geometry and 
orientation. Perhaps one of the earliest works in appreciation of faults as the origin of subsurface void 
space collapse is that of Brekke and Selmer-Olsen (1965), which discussed the matter from a geochemical 
perspective. They examined a number of failure incidents in Norwegian tunnels due to the smectite 
occurrences in between supporting rock discontinuities. From geomechanical standpoint however, fault-
related instabilities include the collapse of large rock mass volumes within the fault zone into 
neighbouring caverns, particularly underground openings excavated through large thick fault zones. 
Instability is also likely after slip surface formation along fault planes and consequent downfall of blocks 
or wedges - intersected by fault and other minor joints - into adjacent caverns (Nagelhout and Roest, 
1997, Brekke and Howard, 1973). Other major contributions to association of instabilities and faults in 
rock mediums - a pivotal issue that have engaged both practical engineers and researchers – include Heap 
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crosses through the rock mass in the vicinity of the cavern i.e. intersects the cavern. The fault strike is 
presumed parallel or nearly parallel to the alignment of the cavern and hence a plane strain state governs. 
The latter is well established as the most unfavourable condition in the context of underground caverns 
stability (Hoek and Brown, 1982). 
 
3.1. Model considerations under static loads 
Throughout the analysis, the underground cavern is assumed to be at a depth of 300m below the ground 
level. The in-situ stress state prior to cavern excavation is sourced from the weight of rock masses at rest. 
The vertical stress varies linearly with depth while the horizontal stress is calculated as of σh=k0σv, where 
k0 is the ratio between the horizontal and vertical stresses.  
Intact rock is considered as an elastic–perfectly plastic material that follows Mohr–Coulomb failure 
criterion. Slip failure of the fault also follows the Mohr–Coulomb criterion. Input parameters for the 
analysis purposes are determined in a way to satisfy following requirements: The properties of rock mass 
and fault need to represent the most unfavourable fault influence, while reflecting real characteristics of 
the materials. As such, the elastic modulus of the rock mass is taken as of 20GPa, the internal friction 
angle is fixed at c. 35º, while small values for tensile strength and cohesion are adopted. These specified 
geotechnical parameters represent sparse jointed rock masses with low-to-medium strength in nature. 
Since the emphasis of this analysis is to discuss the effects of key fault parameters, only fault stiffness, 
tensile strength and cohesion are needed to be specified. The intention is to study a typical weak fault 
with a weathered, persistent and smooth surface in absence of tensile strength and cohesion and thin 
thickness. Thereby, shear dilation, strain hardening and softening of fault are neglected in the model. The 
latter parameters have no control on the general discussion of the problem throughout the analysis. Within 
the scope of current work, a comparative analysis of the effect of different fault parameters is followed 
throughout the coming sections, leaving the absolute prediction of a practical problem out of the interest 
of the present article. The adopted geotechnical parameters for the rock mass and fault render a stable 
model under static conditions. 
 
3.2. Model considerations under dynamic loads 
The relation between the elastic modulus in dynamic loading environments, Ed, and the elastic modulus 
under static loading circumstances, Es, is given by Hayashi and colleagues in 1973, reading: 
sd EE )7.1~3.1(= (3) 
The magnitude of Ed is obtained through field full-scale dynamic loading test, with the Poisson’s ratio νd 
ranging from 0.2 to 0.3. According to Price et al. (1969), the tensile strength increases up to 1.5 times that 
of the static value in the event of quick loading. 
The mechanical properties of rock mass and fault used in the present research under static and dynamic 
conditions are summarized in Table 1. Figure 3 shows the baseline-corrected response spectra graph i.e. 
input motion. 
 
3.3. Dynamic analysis  
Following the static analysis under the static effective stress conditions, below steps are adopted to 
undertake the dynamic analysis: 
Step 1. In order to use horizontal component of the acceleration record as input event, it is essential to 
accomplish baseline correction on above-mentioned histories first. As a result, after integrating the 
acceleration histories twice, the obtained displacement does not reach zero value at the end of the motion. 
One approach for correcting this error is to add a low frequency wave to earthquake loading so that 
displacement reaches zero in the end. 
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Step 2. Another issue in dynamic loading which is of considerable importance is the wave propagation in 
the model. Generally, in performing dynamic analyses the presence of error in the form of wave 
propagation is likely to happen. The finite difference grid dimensions were selected by taking into 
account the maximum frequency (f ) of the shear wave that the model could logically respond to during 
earthquake loading. Consequently, this prevents the incorrect propagation of the waves. The frequency is 
determined by the following equation (Kuchlemeyer and Lysmer, 1973): 
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(4) 
where  is the shear wave velocity of the soil and  is the largest grid zone size in the model. Referring 
to equation, a uniform zone size of 1m × 1m was selected. Since the lowest shear wave velocity in the 
model belongs to the soil deposits, the highest admissible frequency for a propagating shear wave is 5Hz. 
Therefore, the input earthquake record shall be filtered by a low pass filter to remove frequency 
components higher than 5Hz. A frequency of 4Hz was ultimately selected as the low pass filter for the 
reduction in shear wave velocity which may occur due to plastic flow during seismic loading. 
Step 3. Application of dynamic boundary conditions: The boundary conditions used in the dynamic 
analysis are illustrated in Figure 2. 
Quiet boundaries were used on all outside boundaries of model. These boundaries prevent reflection of 
outgoing seismic waves back into the model. Quiet boundaries were combined with free-field boundaries 
on the vertical outside boundaries that prevent distortion of vertically propagating plane waves along the 
boundaries. Dynamic loading was applied at the bottom of model, as propagating vertically upwards 
(Pakbaz and Yareevand, 2005). The record of accelerogram of 1999 Kocaeli, Turkey earthquake with 
magnitude of 7.4 in scale of Richter (Figure 4) has been used. 
Step 4. Rayleigh damping, which consists of two viscous elements, is conventionally used in the 
numerical analyses herein. The two elements of Rayleigh damping are both frequency dependent (Lysmer 
and Kuchlemeyer, 1969). By choosing a mid-frequency at which the combined effects of the two 
elements cancel out, it is possible to have a damping that is nearly independent of frequency over a fairly 
wide range of frequencies on either side of the mid-frequency (White et al., 1977). The mid-frequency is 
usually chosen in the range between the natural frequency of the model and the predominant frequency of 
the input motion. Rayleigh damping was assigned to each element of the model in the mid-frequency. In 
analyses that use one of the plasticity constitutive models (e.g. Mohr–Coulomb), a considerable amount 
of energy dissipation can occur during plastic flow (viscous damping). Thus, for many dynamic analyses 
that involve large-strain, only a minimal percentage of damping (e.g. 5%) may be required (Itasca, 2002). 
Therefore, the damping ratio was assumed to be 5% in the analyses. Dynamic analyses were performed 
and the results were extracted for interpretation and further assessment. 
 
4. NUMERICAL RESULTS AND DISCUSSION 
The effect of earthquake on underground opening depends on various parameters including peak 
acceleration, magnitude and duration of earthquake, the relative rigidity between underground opening 
and ground and in-situ stress state. Furthermore, for underground caverns crossed by a single fault, 
additional parameters including intersection of fault with cross section and mechanical properties of fault 
have control on the stability. In this section the effects of fault orientation and the relative location of its 
intersection with cavern perimeter together with the PGA (Peak Ground Accelerations) of earthquake 
loading are examined on seismic stability of cavern. To quantify the stability analysis, two indices, 
namely the extended plastic area in rock mass (analogous to ultimate limit state) and the maximum 
displacement in tunnel wall or roof (analogous to serviceability limit state) have been adopted. Quantified 
outputs are obtained for a combination of fault dips, PGAs and horizontal to vertical stress ratio (k0). 
Discussions are lastly built on comparisons between displacements and area of plastic zones before and 
after application of earthquake loading is undertaken. 
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4.1. Maximum vertical displacement 
Figures 4 to 7 illustrate the variation of maximum rock mass vertical displacement against fault dips for 
varying PGAs and a suite of faults crossing the cavern periphery. A k0=1 and fault frictional angle of 
φ=24º was considered in building the models. The presented values represent displacements induced by 
earthquake loading at its ultimate excitation and are independent from initial displacement originated 
from in-situ stresses. The maximum vertical displacement took place at cavern roof, lending evidence to 
the remarkable impact of fault when intersecting the cavern at a single point on crown. In general, 
maximum roof settlement occurred for fault dips ranging from 40° to 50°. Other key observations 
include: (1) vertical displacement on crown appeared more sensitive to PGA for accelerations greater than 
0.15g. (2) dip-displacement trend tool a bi-modal distribution when fault intersected the cavern at crown 
and side wall both. (3) predicted maximum displacement was 15-20 times greater when fault intersected 
the crown at a single point rather than any other relative position.   
Examining the vertical displacement values on Figure 4 to 7 infers a 40° to 50° dip, single-point-
intersection-on-crown fault layout renders the most critical combination in terms of serviceability.  
 
 
4.2. In-situ stress state 
The control of fault on the plastic zones surrounding the cavern for varying in-situ stress state was 
investigated through parametric analysis (see Figure 8 and 9).  
Overall, PGA was found directly proportional to the area of plastic zone and displacement magnitude, 
with no potential control on the critical dip. Thereby, a 0.15g PGA was adopted throughout this course of 
analysis.  
Original (prior to excavation) vertical in-situ stress was assumed to equate the weight of the rock mass 
below the ground level – which varies linearly with depth. Horizontal in-situ stress was taken as σh=k0.σv, 
where k0 is the ratio between horizontal stress and vertical stress. k0 was varied at constant vertical stress 
(i.e. constant buried depth of the benchmark cavern) for every analysis case.  
Analysis inferred that the critical dip values discussed in Section 4.1 are strongly a function of k0. For 
Case 1 (where the fault system intersects the crown at single point) plastic zone area gained remarkably 
high values for k0=0.5 and followed an upsurge trend with dip, dissimilar to the unimodal pattern 
captured for k0=1. As such, the conclusion gathered in Section 4.1 may be read as: a 40° to 50° dip, 
single-point-intersection-on-crown k0=1 fault layout renders the most critical combination from a 
serviceability perspective. For faults intersecting the carven crown and having a k0=0.5, collapse would 
be more likely as fault dip increases. Collapse would be less likely with increasing dip for k0=0.5 fault 
crossing the bed and sidewall of caverns.  
 
4.3. Area of plastic zone 
For four fault locations, the area of plastic zone – surrounding cavern was plotted against fault dip in 
Figures 10 to 13. Plots were re-produced for four PGAs. Plastic area appeared a function of fault dip, the 
maximum content of which being strongly a factor of fault location. 
For faults crossing cavern crown (established as the critical position on Sections 4.1 and 4.2), plastic zone 
gently expands with fault dip, although the maximum plastic area occurs at a critical 40° dip. To this end, 
the main line of conclusion in Section 4.2 may be reworded as: a 40° to 50° dip, single-point-intersection-
on-crown k0=1 fault layout renders the most critical combination from both ultimate and serviceability 
limit states perspective. Critical dip was measured as of 50º for when fault intersects the cavern at the side 
wall and in the middle point (Figure 11 and 12), and 30° for when fault intersects the cavern at the lower 
floor corner (Figure 13).  
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4.4. Effect of fault relative location (position) 
As depicted in Figure 1, four possible fault sites - with respect to the cavern - were considered in the 
current work. To facilitate the discussion and better coherency with the previous arguments, Case 1 is 
defined for when the fault crosses (is tangent to) the cavern roof. In Case 2, the fault intersects the mid-
height of the left sidewall. In Case 3, the fault cuts the cavern crown and through the centre of the bottom 
surface. In Case 4, the fault emerges out close to the heel of the cavern’s sidewall. For all the cases, the 
fault dips are assumed within the range of 20º to 80º for consistent mechanical properties of rock mass 
and fault. 
 
Figure 14 plots the plastic area in the rock mass against fault dip for a suite of fault locations. An 
interesting drawing from the results is the resembling pattern of plastic area – fault dips of Case 1 and 
Case 3, with Case 2 and Case 4, respectively, where maximum plastic area is attained as the fault dips 
approach 40º and 60º, respectively.  
Under seismic excitation and from ultimate limit state perspective (i.e. area of plastic zone), the critical 
condition took place for single fault intersected the cavern at heel and sidewall. This is dissimilar with the 
static conditions in which critical conditions were associated with the single fault crossing the cavern’s 
crown.  
 
4.5. Maximum shear displacement of fault 
Figure 15 shows the variation of maximum shear displacement of fault against dip. Independent of fault 
location, maximum shear displacement took place at 50º dip under all PGAs.  
 
4.6. Comparing static and dynamic results 
Maximum values of vertical displacements on cavern roof, horizontal displacements on cavern walls and 
area of plastic zone under dynamic and static condition are compared in pairs and discussed in Figure 16 
to Figure 18: 
 
Maximum vertical displacement  
Figure 16 shows the variation of maximum rock mass vertical displacement against fault dip under static 
and dynamic condition for PGA=0.15g. A k0=1 and φ=24º fault frictional angle was adopted throughout. 
The annotation ‘static’ on plot represents the displacement values induced by in-situ stresses after 
excavations, while ‘dynamic’ tag represents displacements induced after earthquake loading at its final 
moment of excitation, independent from (excluding) the initial displacement produced by in-situ stresses. 
The annotation ‘sum’ stands for the total of static and dynamic values. Following drawings were made 
through examining the plots: (1) vertical displacement of cavern crown is less dependent on dip under 
static loading conditions than dynamic excitation. (2) critical dip, in terms of crown vertical displacement 
i.e. serviceability limit state sits in the 40° to 50° interval, predominantly controlled by strains in dynamic 
environment. (3) maximum vertical displacement is likely to take place for fault crossing the top of the 
cavern. For other fault locations, the maximum value falls at least 10 times shorter than the latter, 
reinforcing the need for particular mitigation measures to be taken for excavation immediately beneath 
fault lines. (4) no link between the trend of maximum vertical displacement under static and dynamic 
conditions could be identified.      
 
Maximum horizontal displacement  
Figures 17 and 18 illustrate the variation of maximum horizontal displacements of cavern left and right 
sidewall against fault dip under static and dynamic (PGA=0.15g) conditions. A k0=1 and φ=24º fault 
frictional angle was adopted throughout. Plots suggest no correlation between static and dynamic values. 
Due to the tensile failure of cavern right sidewall on Case 4, horizontal displacement-dip plot could not 
possibly be generated. Key observations include: (1) for fault location intersecting the left side-wall, 
horizontal displacement on the left-wall under static loading appeared to be strongly a function of dip. In 
contrary, left wall horizontal displacement followed a fairly plateau trend against dip for faults with no 
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Table 1.  Input parameters of rock mass and fault for the numerical modeling 
Material properties Rock mass Fault 
Density (kg/m3) 2600  
Internal friction angle  35 24 
Cohesion c (MPa) 2 0 
Poisson ratio 0.2  
Normal stiffness kn (GPa/m)    20 
Shear stiffness ks (GPa/m  2 
Es (GPa) 20  
Ed (GPa) 25  
Tensile strength t (KPa) 1.7  
 
 
Table
